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ERRATA SHEET 
1. Throughout t h i s  report the term “oxygen-free si l icon” refers 
t o  si l icon produced by the float-zone process. The oxygen 
content of float-zone silicon is  usually 100 t o  1000 times 
lower than the oxygen content of grown sil icon crystals. 
However, i n  none of the specimens described i n  t h i s  report 
w a s  an actual oxygen concentration determination made after 
diffising t o  form the junction. 
2. Refer t o  Figure 10, Page 24: 
should be labeled 1 through 4 in descending order. 
example, Curve 1 has the highest spectral response. 
The curves in  t h i s  figure 
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ABSTRACT 
The effect  of proton bombardment on solar cells,  particularly 
silicon, has been experimentally measured a t  proton energies from 
20.5 Mev t o  740 Mev. Comparison of c e l l  type, c e l l  geometry, and 
parent material, as w e l l  as current-voltage cbaracteristics, spectral 
response, and current decay, with integrated flux a t  four proton 
energies is presented. 
r 
It i s  found that a relation of the form 
describes the loss of output of a l l  solar ce l l s  under proton bombard- 
ment i n  this energy range. The radiation resistance of shallow dif- 
fused oxygen-free p on n silicon ce l l s  exceeds conventional ce l l s  by 
a factor of a t  least five and exceeds n on p ce l l s  by a s m a l l  per- 
centage. 
factors i s  discussed, and the observation of annealing i n  n on p 
ce l l s  a t  roan temperature is  noted. 
dsmage rates, for  power supply design, are presented. 
The control of radiation resistance by oxygen and other 
Curves summarizing radiation 
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1 0 1"IBOXXJCTION 
In  recent years) the growing knowledge of bands of charged particles 
surrounding the earth has increased attention t o  radiation damage i n  
spacecraft ccanponents and materials, 
Van Allen belt have increased interest  i n  measuring the effects produced 
by proton bombardment, 
High energy protons i n  the inner 
Solar ce l l s  are convenient research tools and 
. important spacecraft components. Also, because solar ce l l s  are generally 
more sensitive t o  radiation damage than other semiconductor cmponents, 
they warrant additional attention 
This s t u d y  c-res the effects of proton bombardment of solar ce l l s  
observed i n  many experiments a t  proton energies of 740 Mev, 450 Mev, 400 
Mev) and 20.5 Mev. 
is included i n  order t o  s t u d y  the effects of solar c e l l  characteristics 
on radiation resistance 
Comparison of a variety of solar ce l l s  a t  each energy 
2 .O DESCRIPTION OF ExpwlMENTS 
A number of cyclotrons have been employed in the experimental study 
of radiation damage i n  solar ce l l s ,  
of cyclotrons, each machine has unique characteristics which require 
individual attention t o  experiment design. In this section, the experi- 
mental methods are presented separately f ~ r  each cyclotron i n  reasonably 
complete detail, in the interest  of c l a r i t y  and a t  the expense of redull- 
Despite the general similarities 
dancy. 
These experfments were conducted a t  the 184-inch synchrocyclo- 
tron a t  the Lawrence Radiation Laboratory, University of California. 
The external. proton beam current- about 2 x 
beam cwered an area of about four square inches a t  the e x i t  port with 
intensity uniform within 20 per cent. 
by a secondary emission monitor which had been previously calibrated a t  
l ow beam currents by sfIlnrltaneous canparison w i t h  an argon f i l l ed  ioni- 
zation chamber. Ihe ionization chamber was calibrated by both absolute 
count rate measurements and proton scattering experiments. 
emission monitor output was found t o  be l inear  with beam current and indi- 
cated t o t a l  beam current w i t h  an accuracy of 5 per cent, 
current in a l l  experiments was measured, time integrated, and recorded 
with an integrating electrometer and s t r i p  chart recorder. 
of the t i m e  integrated beam mrrent WRC fcxxl tc! k 5 p r  cent, li&+&d 
by the secondary emission monitor accuracy, 
amperes. The defocused 
Ihe t o t a l  beam current was measured 
1 
The secondary 
!Be t o t a l  beam 
The accuracy 
The re la t ive proton intensity, specimen alignment in the beam, 
and beam shape Were determined by expomre of x-ray films, 
analysis of the x-ray films determined the proton flux on the specimens. 
X-ray films exposed in  the specimen holder a t  intervals during the experi- 
ments were developed under csreFully controlled conditions. 
transmission of these developed films as a function of position was 
measured with a f i l m  densitometer. 
sured film density and proton intensity was obtained using Hand D curves 
for  the film and establishing that the density i n  the developed film did 
Densitometric 
'I!he optical  
!Be proportionality between the mea- 
'G. W. !butfest and H. R. Fechter, Review Scientific Instrumentation, 26 -3 
2999 (1955) 
characteristics with an X-Yplotter, F3gu-e 1, A series of calibrated 
solar ce l l s  were used t o  m i n t a i n  the relative l igh t  intensity a t  the 
illumination plane t o  within - + 2 per cent. 
at  the illumination plane was approximately 80 m/cm equivdent m i g h t  
as seen by a slxuxhrd p on B sil icon solar ce l l .  b e  t o  the difference 
i n  spectral content of tungsten light and sunlight, this equivalent energy 
w i l l  vary depending on the spectral response ehamcterist ics of the indivi- 
dual solar cel ls .  Therefore, no e f for t  was extended to accurately deter- 
mfne the absolute value of the energy a t  the illumimtlou. plane; rather 
the relative value of energythpaughaut the course of the measumments 
was minterined constant by the  use of xhe calibrated solar cel ls .  
!the absolute value of energy 
2 
Unfiltered 2800OK tungsten light for  I-V characteristics was 
chosen for  experimental convenience, The use of tungsten illumination 
does not canpramise the value of the experimental results provided the 
absolute spectral response is also measured. Spectral response of a l l  
irradiated ce l l s  was determined both before and after irradiation. Because 
radiation dmage i n  si l icon solerr ce l l s  produces a greater change i n  aut- 
put for the red component of the ill.lmfnation, the use of tungsten i l l u -  
mination produces an apparent increase i n  the damage rate relat ive t o  sun- 
l igh t .  
w e l l  known, measurement of the spectral response and the I-V characteristics 
under a knom spectrum are the required measurements. Ihe complications 
and uncertainties associated with the use of solar s i m ~ l a t o r s  for  solar 
c e l l  experiments conclusively establishes a simple, welll-known l i gh t  source 
f o r  these experiments. 
a 28oO0K tungsten spectrum f o r  radiation damage studies %s %he capricious 
mfsfnteqretation of the tungsten data. 
However, because the solerr spectrum and the tungsten spectrum are 
The principal l i a b i l i t y  attendant t o  the use of 
In an effort  t o  simulate experimentally, fo r  i l lus t ra t ive  pur- 
poses, the difference between the standard tungsten l i gh t  spectrum and 
the sun spectrum, the electr ical  characteristics of" the solar  cells were 
measued under two different illumination ecndizfons i n  thY,s experiment. 
%e primary source of l i gh t  used was a bank of 2880% tungsten flood- 
lamps without any f i l ter ing,  whiie a second set of measurements was ob- 
tained using a bank of 3 b O ° K  tungsten photofloodlamps with a two-inch 
water f i l t e r  between the lamps and the iblumfnation plane. l h f s  l a t te r  
not exceed the limits of the H and D curve. me proportional proton 
intensity, as determined by the film, was integrated aver the active 
area of the secondary emission monitor. (The active area could be 
visually determined by placing a film on the back of the secondary 
emission monitor and using the proton bean t o  obtain a radiograph.) 
Over 98 per cent of the beam was contained within the active area, con- 
sequently, proton scattering from the sides of the secondary emission 
monitor did not contribute significantly t o  the output of the monitor. 
Ihe proton flux on the specimens was determined by distributing the 
to t a l  beam as measured by the secondary emission monitor according t o  
the results of the densitGEtrie analysis. 
We are mindful of the errors attendant t o  the flux determina- 
t ion outlfned above. 
placed upon Cu activation. 
were obtained by the film method. 
Cll and film comparisons in later experiments i n  order t o  establish the 
uncertainty limits and discover any systematic errorso 
si t ies can be sham t o  be accurate t o  better than 50 per cent. 
estimate of the uncertainty is 20 per cent, but these lower l i m i t s  cannot 
be established conclusively. 
In a l l  but these experiments, reliance has been 
However, the 740 Mer data included herein 
Considerable attention was given t o  
The proton inten- 
Our best 
The solar ce l l s  used i n  this experiment consisbd of Hoffman 
p on n 9 per cent ungridded and 11 per cent gridded 1 x 2 cm sflicon 
solar cells. 
efficiencies quoted were obtained under tungsten l i gh t  and, therefore, 
nminally classed as 9-10 per cent and 11-12 per cent ce l l s ,  
three of the Evans Signal Iaboratoriess experimental n on p sil icon solar 
ce l l s  b r i n g  efficiencies of 6-7 per cent were supplied by W. Cherry of 
U.S. Army Signal Research and Development Laboratory. 
'Ihege ~ e l l f i  vere c m r c i a l l y  c- .r~ik?k i t ~ s  in vkicli the 
In addition, 
On each of the experimental solar cella, I-V characteristics 
and short c i rcu i t  current were measured prior t o ,  f m d i a t e l y  after, and 
for various subsequent periods of time after the irradiation. The tech- 
nique used t o  measure these electr ical  ehieraeteriet,ics consisted of i l l u -  
mination with tungsten l i gh t  and graphically recording the e lec t r ica l  
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l i g h t  source more closely approximates the sun spectrum in  that the 
higher operating temperature of the lamp filaments increases the short 
wavelength output while the two-inch water filter greatly attenuates 
the long wavelength cmponent. This l a t t e r  l i g h t  source, however, i s  
not an accurate sun s imi ik tor  and, being extremely c-mkrsme and can- 
plex, does not provide the portability and reproducibility necessary 
for  the experimental techniques ut i l ized here. 
unfiltered tungsten spectrum was used i n  this and foPl&ng experiments 
as a standard light source f o r  radiation damage measurements. 
polation of theedata  t o  operation in the sun spectrum is discussed in 
deta i l  i n  another report. 
this beefs, the 28OO0K 
Extra- 
In order t o  determine the nature of the radiation produced 
w e  in the solar cel ls  m d  t o  acquire addftional infonmtion for the 
extrapolation of the data t o  predictions of performance under sun illu- 
mination, spectral response characteristics of the solar ce l l s  were mea- 
sured before and a f t e r  irradiation, Ihe measurements were merde with a 
Fkrkin-Elmer double-pass prism monochromator suitably modified t o  provide 
higher accuracy in the shortwavelength regions. Die calibration of the 
output energy supplied by the monochromator was detemiied by a standard 
thermocouple detector. The use of several of these thermocouple detec- 
to rs  as  calibrated sources allowed reproducibility of the relative out- 
put energy t o  within + - 10 per cent. In this manner, it was possible t o  
determine accurately the relative absolute reduction en spectral response 
i n  a l l  of the test  specimens, 
response of the solar cells,  th is  c h g e  can be integrated w-ith e i ther  
the tungsten l i g h t  spectrum or the sun spectrum t o  obtain the per cent 
reduction in short c i rcui t  current f o r  a given amuunt of radiation damage 
under e i ther  l i gh t  spectrum. 
Having acquired the change in spectral 
The experimental solar ce l l s  were mounted on flat aluminum plates 
placed perpendicular t o  the proton beam. 
f ic ien t ly  large that five tes t  specimens could be placed i n  the beam a t  
one time w3th a variation in proton f l u  across the area occupied by the 
t e s t  ce l l s  of only - + 5 per cent. 
placed behind the plate of experimental t e s t  cells,  Fsgupe 2, 
Mev, a negligible percentage of the incident proton beam fs stapped or 
The beam distribution was suf- 
The secoadary emission maritor was 
A t  740 
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scattered at  a sufficiently large angle t o  avoid entering the secondary 
emission monitor. In each irradiation, the ce l l s  were illuminated with 
2800°K tungsten l igh t  and the short c i rcu i t  current of two specimens 
was remotely monitored during the irradiation on s t r i p  chart recorders, 
Flgure 3. 
blower. 
illumination indicated that the solar ce l l s  remained a t  75 + - 2'3' through- 
out the test. 
of the ce l l s  as a function of integrated flux and also served t o  determine 
i f  any solar c e l l  recovery or annealing were evident a f t e r  cessation of 
the proton beam. 
illuminating lamps were not operated a t  full rated power resulting i n  a 
s l ight ly  larger long wavelength component which accentuated ti measure- 
ments of short c i rcu i t  current degradation during irradiation. 
data are suitably designated i n  order t o  distinguish them frm true 2800OK 
illumination. 
The solar ce l l s  were cooled during illumfnation with an air 
Y k m p e r a t u r e  measurements under conditions of irradiation and 
These measurements alluwed determination of dynamic response 
%e t o  low l ine  voltage in the proton beam cave, the 
These 
In addition to  the exposure of the ce l l s  to  the primary beam, 
a series of experiments were conducted i n  which some of' the cells were 
shielded with 4.32 grams/cm of lead, quartz, and alumfnum t o  determine 
i f  any secondary processes, such as lar energy nucleon scattering from 
the shields, were present. In each case, the shields were placed direct ly  
i n  front of the solar cel ls .  
0.38 cm of lead, 1.87 cm of quartz, and 1.60 em of aluminum. 
2 
The corresponding shield thicknesses were 
2.2 450 and 400 Mev Experiments 
The 450 and 400 Mev experiments were conducted in the synchro- 
cyclotron a t  the University of Chicago. 
external beam conditions providing a proton beam current of about 1 x 10-9 
amperes over an area of approximately 13 square inches, 
The cyclotron was operated under 
 he total beem 
current was measured by a secondary emission monitor of the mutfest  typeL 
which was designed and b u i l t  a t  the University of Chicago. The monitor, 
having a large sensitive area, was placed outside the beam port in back 
of the experimental setup i n  a manner similar t o  the previously described. 
experiment a t  the University of California. The monitor was calibrated 
by establishing a r a t io  between i ts  reading and the reading of an argon 
f i l l ed  ionization chamber simultaneously. 
calibrated with scint i l la t ion counters by establishing counting rat ios  
between counters i n  the beam and counters looking a t  the beam after 
The ionization chamber was 
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multiple scattering i n  two inches of lead. 
emission monitor was integrated during the experiment t o  provide the 
t o t a l  integrated beam current. 
740 Mev, x-ray films were uti l ized t o  set up the proper beam alignment 
and beam focus conditions. 
inserted i n  the external beam tube t o  aid in  defocusing the beam through 
small angle scattering. 
the ex i t  end of the external beam tube t o  insure that no low energy 
protons reached the solar cel ls  under irradiation. 
The output of the secondary 
Similar t o  the previous experiment at  
A +-inch thick slab of polyethylene was 
!5e polyethylene slab was located 18 feet frau 
A f t e r  beam alignment and focus had been achieved, two techniques 
were u t i l i zed  t o  obtain the beam distribution. Ihe first consisted of 
exposing a series of x-ray films as i n  the 740 Mev experiment. 
cal transmission of these films was measured; using standard H and D 
curves, the relative exposure across the beam area was determined i n  a 
manner identical t o  tha t  used i n  the 740 Mev experiment. 
the x-ray film densitanretric analysis, C l l  activations were performed. 
l h i s  technique consists of exposing a carefully positioned 1/16-inch 
thick sheet of polyethylene in the beam for  a period of five minutes. Ihe 
sheet of polyethylene was cut i n to  1 cm x 1 cm sections and the activation 
of these sections was determined with a GM tube and scaler. 
recting the observed count rates for  the 20.5 minute half-life of p, 
the i n i t i a l  activation, which is  proportional t o  the to t a l  exposure, can 
be determined. 
Ihe opti- 
In addition t o  
After cor- 
Using the relative values of the activations of the incre- 
F,PZ+&l cwezs 5:: c==j.=cti=z &$tk, tk,- ~ ~ ~ ~ ~ ~ ~ * r &  &+&iiiid -&A&th tL& seXGr6- 
ary emission monitor, the beam flux was determined for  each incremental 
area. Comparison of the beam profiles obtained with the $’ activation 
tecbique and densitometric analysis of the x-ray films indicated that, 
as had been observed i n  the previous experiment a t  740 MeV, the informatim 
obtained through the use of x-ray films was inferior in  view of the large 
range of exposures across the beam area. 
indicative of the beam profile, and deviations of the results of the x-ray 
film analysis from the $’ activation analysis were used t o  cross check 
the integrated fluxes previously obtained i n  the 740 Mev experiment a t  
Berkeley. Because the accuracy of the beam distribution determination 
with the 6’ technique exceeds the accuracy of the t o t a l  beam measure- 
ment, the mer-a l l  flux determination i s  estimated t o  be accurate t o  within 
- + 5 per cent. 
C1’ activation was taken t o  be 
"he solar ce l l s  irradiated i n  th i s  experiment consisted of 
Hoffkwm p on n 9 per cent ungridded and 11 per cent gridded 1 x 2 cm 
sil icon solar ce l l s  of the same type used i n  the experiment a t  740 Mev. 
In addition, a series of matched 1 cm x 1 cm p on n Hoffmm solar ce l l s  
were used. 
cutting it in  half and gridding one of the two halves. 
ce l l s  was prepared t o  determine i f  the degradation of short c i rcu i t  
current was dependent upon the gridding of the solar cel ls .  
of n on p sil icon solar cells, consisting of specimens f r m  Transitron, 
'Ikxas Instruments, Hofflnan, and BTL, were also irradiated. In addition, 
four g a l l i u m  arsenide experimental solar ce l l s  f'urnished by RCA were 
included in  the experiments. 
These half-cells were prepared by taking a 1 x 2 cm cell ,  
This group of 
A series 
On each of the test  solar cells,  I -V cbaracteristics, short 
c i rcu i t  current, and spectral response were measured before and after 
the irradiation. In addi t ion,  two solar ce l l s  were monitored during 
the irradiation with strip chart recorders. 
used t o  determine these electr ical  characteristics were the s8me as 
those used i n  the 740 Mev experiment. 
a l l  cases a 2800OK unfiltered tungsten l igh t  spectrum. 
ment, two 1 kw Sola l ine  regulators were used to  maintain the i l l u -  
mination sources for  pre and postirradiation measurements and short 
c i rcui t  current measurements during irradiation a t  operating power 
levels, thus eliminating differences i n  measurements due t o  unequal 
b U & D  bCU LS&lb  specti-*. 
The measurement techniques 
BE illumination source was i n  
In th i s  experi- 
A--- .I 2 -LA 
The solar cel ls  were mounted on flat  aluminum plates I n  a 
manner similar to  t h a t  used in the 740 Mev experiment. 
however, was only sufficiently large enough t o  allow the irradiation 
of two solar ce l l s  per run. 
the specimen plate holder, and the secondary emission monitor was the 
same as i n  the previously described 740 Mev experiment. 
The beam area, 
Ihe physical arrangement of the solar cells,  
The external intermediate focus occurs i n  air  in the Chicago 
Insertion of about 18 inches of l i thium hydride (kindly cyclotron. 
provided by Professor L. Pondnun of Columbia University) and refocus- 
ing, an external beam of 400 Mev, + 0.5 h v ,  was obtained. Proton - 
energy was determined by magnetic analysis and confirmed by range-energy 
calculations. 
effective copper absorbers a t  the intermediate focus were not f ru i t fu l .  
Only 450 Mev and h MeV data were successfully obtained. 
Efforts t o  achieve lower energy beams by inserting more 
2.3 20.5 Mev Experiments 
The 20.5 Mev proton experiments were conducted i n  the 20 Mev 
!&e cyclotron was operated with an external synchrocyclotron a t  UCLA. 
proton beam current of about 10-9 amperes Over a region appraximately 
3-lnch wide x 4-inches long. Alignment of the test specimen was accom- 
plished through film exposure as previously described. 
instabil i ty,  i n  that an external beam current could not be reproduced 
in  successive runs, it was necessary t o  acquire proton flux simultan- 
eously with the solar c e l l  irradiations. Since the range of 20 Mev 
protons i s  only of the order of 550 %/an2, a Faraday cup was used. 
!the experiments were performed i n  an evacuated chamber, Figure 4, which 
contained a l x  2 cm chip of steel 0.1-inch thick as a collector. 
solar c e l l  t o  be irradiated was mounted on a chip and the protons 
striking the c e l l  penetrate the c e l l  and are stopped i n  the s tee l  chip. 
A current integrator was used t o  measure the beam current collected by 
the chip which, having the same area as the test cell ,  resulted i n  a 
value of integrated proton flux incident on the solar c e l l  under irra- 
diation. 
were held in a fixed position on a phenolic insulator in the chamber 
by a small magnet buried in the phenolic insulator. The chamber was 
maintained a t  fore pump vacuum of appraximately 20 microns during the 
irradiation period. 
current was measured as a f h c t i o n  of chamber pressure indicated that 
a pressure of 20 microns was sufficient t o  remove m e a m b l e  ionization 
effects i n  the measured beam current. 
lhe t o  machine 
The 
!be test ce l l s  and collector chips, which were glued together, 
A series of tests i n  which the indicated collector 
Ihe vacuum chamber consisted of three electr ical  feed-thraughs 
for  beam current, grid voltage, and solar c e l l  current signals. Since 
the ce l l s  were not illuminated with l ight,  the measurement of solar 
c e l l  current under i r rad ia t ion  alluwed a quantitative check on the 
collector beam current readings. In t h i s  configuration, the solar c e l l  
Figure 4. Irradiation Chamber for  
20.5 Mev Proton Experiments 
ac ts  as a solid-state detector. 
dependent upon the number of incident protons per uni t  area, the number 
of hole-electron pairs generated per uni t  path length, and the minority 
carr ier  diffusion length. 
known minority carr ier  diffusion length t o  eliminate damage during the 
measurements, and knuwing the carr ier  generation rate fram the incident 
proton energy, measurement of c e l l  current readily yields the incident 
proton flux. 
25 per cent with the proton fluxes obtained through collector current 
measurements. 
Ihe output current of tk c e l l  i s  
Using an already heavily damaged c e l l  of 
The direct  measurements of proton flux agreed within 
After the first series of irradiations, a gr id  was interposed 
between the chamber window and the test specimen and collector t o  deter- 
mine i f  the measured beam current was affected by forward scattered 
particles i n  the 5 mil aluminum window or by back scat ter  off the solar 
ce l l  and collector. lbese measurements indicated that the measured beam 
currents were of the order of 25 per cent higher than the actual beam 
currents. There were, however, additional indications that some leakage 
existed between the collector chip and ground through the phenolic insu- 
la tor  due t o  ionization produced i n  the phenolic insulator by the inci- 
dent beam. This latter effect would resul t  i n  a measured beam current 
which was l ess  than the actual beam current. Since these two effects 
tend t o  cancel, the net accuracy of the measured integrated proton flux 
is  estimated t o  be better than + 25 per cent. - 
'I;ne soiar ce i i s  irradiated in this experiment consisted of 
Hof-n p on n 9 per cent ungridded sil icon solar cells from the same 
l o t  as used i n  the experiments a t  Chicago; Hoffban p on n shallow dif- 
fused solar ce l l s  made from both oxygen-free transistor grade sil icon 
and standard solar grade silicon; Heliotek p on n shallow diffised 
solar ce l l s  mrde fram both oxygen-free and standard solar grade silicon; 
BTL n on p shallow diffused solar ce l l s  made from standard solar grade 
silicon; and Hoffban n on p shallow diffused solar ce l l s  made from 
oxygen-free transistor grade silicon. Thus, this spectrum of test 
specimens allowed the acquisition of data for  the following: 
- -  
1. 
with ce l l s  made from standard solar grade material for both 
p on n and n on p cells.  
Ccaaparison of solar ce l l s  made frm oxygen-free material 
2. 
of the order of 4 micron diffusion depth with standard cam- 
mercially available solar ce l l s  having diffusion depths of 
the order of one t o  two microns. 
Comparison of solar ce l l s  having shallow diffused junctians 
3. Comparison of solar ce l l s  having the same material and 
electr ical  characteristics but produced by different coqnmies. 
'Ibe electr ical  measurements made on these solar ce l l s  w e r e  
identical with the measurements previously described for  the 740 and 450 
Mev experiments. 
electrical. measurements i s  tha t ,  due t o  the irradiation i n  the vacuum 
chamber, no measurements were made of degradation of short c i rcu i t  current 
during irradiation. 
The only exception t o  the group of previously mentioned 
1 
Are t o  the wider spectrum of solar c e l l  types used i n  this 
experiment, a larger variance of spectral response characteristics was 
obtained. Since the short circuit  measurements were made under tungsten 
light, it s h a d  be kept i n  mind that, when comparing different t y p e s  
of ce l l s  as t o  the i r  radiation sensit ivity under sun illumination, the 
analysis of spectral response curves plays an important role. 
'Ibe experimental setup was partly described i n  tk previous 
discussion of dosimetry inasmuch as the solar c e l l  mounting arrangement 
was an integral  part of the beam current measurements. 
width of the beam and the large uncertainties i n  beam flux a t  the external 
ends of the beam profile, it was possible t o  irradiate only one c e l l  a t  
a time. 
Are t o  the narrow 
The chamber, Figure 4, was clamped t o  the end of the external 
beam port and the protons entered the chamber through a 0.005-inch alumi- 
num vacuum window. 
breaking the vacuum, removing the front end of the chamber for  specimen 
mounting, and reassembly followed by evacuation t o  fore pump pressure. 
Changing of the t e s t  specimens was accomplished by 
I .  
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!Be radiation damage data obtained i n  a variety of experiments 
described i n  this report served two principal objectives: 
t ion of the energy dependence of proton damage and investigation of 
the factors related t o  solar c e l l  damage. 
latter point; the energy dependence is  described i n  a separate report. 
investiga- 
l b i s  report considers the 
3.1 740 Mev Ekpe riments 
!&e degradation of si l icon solar c e l l  short c i rcu i t  current 
illuminated with 28OOoK tungsten l igh t  as a function of integrated 
proton f lux is  shown i n  Figure 5. 
following figures represents an individual solar cel l .  
short c i rcu i t  currents fo r  all the solar ce l l s  were abaut 25 ma/- 
2 for  100 mw/cm illumination. 
t ion of short c i rcu i t  current is l inear with the log of the integrated 
flux. This logrithmic dependence i s  due t o  the exponential absorption 
cbaracteristics of l ight  i n  silicon. 
Each point indicated i n  th i s  and 
The i n i t i a l  
2 
It is  evident that the rate  of degrada- 
There is a slight difference i n  
- radiat ion sensit ivity between the Hoff'man p on n 11 per cent gridded 
and the 9 per cent ungridded ce l l s  i n  that the former appeared t o  be 
s l ight ly  more sensitive t o  radiation. 
inconsistent with the theory of operation of sil icon solar ce l l s  i n  
that the only effect  of the gridding i s  the increase i n  available power 
output through reduction of the p-layer res i s t iv i ty  which has no effect  
on short c i rcu i t  current. The value of integrw_+Pd ~ r c t r r n  f1-z req~ired 
t o  reduce the i n i t i a l  short  c i rcui t  current by 25 per cent i s  shown 
t o  be 8 x lolo p/cm2. Illumination of the same ce l l s  with a 340o0K 
water f i l te red  tungsten light spectrum indicates a reduced sensi t ivi ty  
i n  that 25 per cent degradation occurs a t  an integrated flux of abaut 
2 x 1 0 ~  p/cm , Figure 6. 
damage is  not uniform over the spectral response of the solar cel ls .  
Masurements of the short circuit  current during irradiation agree with 
the data obtained i n  pre and postirradiation measurements after correct- 
ing for  the l ow l ine  voltage in the beam cave. 
lhis apparent difference is  
2 l h i s  difference indicates that the radiation 
Later measurements of postirradiation short c i rcui t  currents 
indicate that negligible short-time annealing effects  occurred. Further, 
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for  these particular solar cells, no annealing a t  roan temperature 
existed. Additional isochronal annealing experiments shared that 
negligible amounts of damage recovery occurred below temperatures of 
about 200°C which is i n  agreement with previous work conducted by 
Bemski and Augustniak . 2 
In the irradiations using lead, aluminum, and quartz shield- 
ing in front of the solar cells under irradiation, the degradation of 
short c i rcu i t  current as a f'unction of integrated proton flux fallowed 
the same general pattern as observed without the shields, Figure 7. 
Since negligible energy loss is involved i n  the passage of 740 Mev 
protons through shields of the thicknesses used, these data seem t o  
indicate that no significant secondary processes are occurring under 
these conditions. 
mination with the light source in the beam cave. Since t h i s  illumina- 
t ion suurce was not operated a t  fill rated power, due t o  low l ine  voltage 
i n  the beam cave, the long wavelength cmponent was relatively higher 
resulting in accentuated damage rates. 
uncorrected for the l o w  filament temperature, indicate 25 per cent dsmage 
at 3 x lolo p/cm ccmpared with 8 x lolo p/m2 under 2800'K tungsten 
illumination. 
!Be data shown in Figure 7 were acquired under i l l u -  
Thus, these da ta ,  which are 
2 
Ihe effect  of the proton irradiation on the I-V characteristics 
of sil icon solar ce l l s  i s  sham in  Figure 8 for  the ungridded 9 per cent 
ce l l s  and Figure 9 for  the gridded 11 per cent solar cel ls .  
were obtained under 3 h o K  tungsten water f i l t e r ed  illumination and, 
therefore, are consistent with the short c i rcu i t  current degradation 
under the same l ight  spectra as  shown previously i n  Figure 6. Since 
a l l  the I-V characteristics indicate similar degradation shapes, the 
curves Shawn here i l lus t ra te  only a few typical values of response. 
Several points of interest  are evident: 
degrades considerably more rapidly than open c i rcu i t  voltage, (2) the 
degradation of mwt- parer output i s  approximately equal t o  the degra- 
dation i n  short c i rcu i t  current, and (3) the degradation i n  output power 
as a Aulction of integrated flux w i l l  depend strongly upon the load l ine  
u t i l i zed  i n  a particular application. 
i s  independent of the l ight  spectrum used i n  the illumination of the 
solar cells,  the I-V characteristics obtainedunder 2800°K tungsten i l l u -  
lhese data 
(1) the short c i rcu i t  current 
Since the I-V characteristic shape 
2G. Ekmski and W. M. Augustniak, Physical Review, Vol. 108, No. 3, 
645, (1957) 
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mination are identical with those shown i n  Figures 8 and 9 with the 
exception of the dependence of the short c i rcu i t  current versus inte- 
grated flux on the incident light spectra. 
t o  determine the short circuit  current for given values of integrated 
flux and a given incident l i g h t  spectrum i n  order t o  acquire a family 
of I -V  characteristics for  analysis of degradation i n  output power 
under particular load conditions. 
Hence, it i s  only necessary 
The irradiation of the three n on p Evans Signal Iaboratory 
sil icon solar ce l l s  indicated that at  740 Mev the sensit ivity of these 
n on p ce l l s  was about a factor of three less than the p on n ce l l s  under 
280OoK tungsten illumination, 
plotted i n  Figure 5 along with the p on n solar c e l l  data. The I-V 
characteristics of these particular ce l l s  as a function of integrated 
flux are identical with the p on n ce l l s  i n  that the shape of the I-V 
characteristic i s  primsrily dependent on degradation i n  short c i rcu i t  
currents. 
of the irradiation, it was not possible t o  obtain good s t a t i s t i c a l  data 
as i n  the case of the p on n cells; however, the three ce l l s  that were 
irradiated yielded consistent data. 
These data for  the n on p solar ce l l s  are 
Since only a f e w  of these ce l l s  were obtainable a t  the time 
The spectral response characteristics of the solar ce l l s  irra- 
diated i n  this experiment were measured before and after irradiation t o  
determine the nature of the short c i rcu i t  current degradation and t o  
a l l o w  the extxqolation of short c i rcu i t  current degradation for  any 
given integrated flux t o  a particular l ight spectrum of interest .  
effect  of the proton irradiation on the spectral response ck rac t e r i s t i c s  
of the solar ce l l s  was similar in a l l  cases, as indicated i n  Figures10 
and 11 for  p on n sil icon solar cel ls .  
only evidenced in  the region of IWK~MUU power output, the spectral 
response cbaracteristics of the gridded and-ungridded ce l l s  are identi- 
c a l  due t o  the fact  that the response curves are obtained under short 
c i rcu i t  current conditicns. As was the case of the shap of the I-V 
characteristic, the shape o f t h e  spectral response as a f’unction of 
integrated flux plays an important role i n  the determination of uutput 
power degradation. 
proton irradiation is a decrease i n  the long wavelength response of the 
‘Be 
Since the effect  of gridding is 
As is evident i n  Hgure 10, the primary effect  of 
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solar c e l l  which explains the apparent increased damage rate under 28OOoK 
tungsten l ight  compared to  the 3 b ° K  water filtered tungsten l ight.  The 
decrease i n  long wavelength response is due t o  the reduction of minority 
carr ier  lifetime i n  the parent material of the solar c e l l  which limits 
the depth belav the junction frgn which photon generated carr iers  can 
be collected. 
curves i n  the short wavelength region which indicates that the protoa 
radiation has l i t t l e  effect  on the carr iers  generated near the surface 
of the solar cel l .  Since the spectrum of sunlight is strongly peaked 
i n  the 500 millimicron region, the degradation of solar c e l l  e lec t r ica l  
characteristics under sun illumination w i l l  not be as severe as is indi- 
cated by the data acquired under illumination by tungsten l igh t .  
extrapolation of the data presented here t o  the degradation of solar ce l l s  
i n  space under sun illumination is discussed i n  another report and wil l ,  
therefore, not be considered i n  Arrther detail. 
=re appears t o  be l i t t l e  change i n  the spectral response 
The 
3.2 450 EIev Rqe r iments  
As i n  the case of the 740 Mev proton irradiations, the rate 
at  which 450 Mev protons degrade the electr ical  characteristics of sili- 
con solar ce l l s  i s  cansiderably higher than wou ld  be predicted on the 
basis of simple displacement theory through Iiutherford scattering. 
data, however, are generally i n  quantitative agreement with the d a t a  
obtained i n  the 740 Mev experiment. 
n on p solar ce l l s  and on the effect  of the gridding on solar c e l l  
sensit ivity t o  proton radiation. 
The 
Additional data were obtained on 
The electr ical  characteristics of the solar cells irradiated 
i n  this experiment were obtained using only a standard 2800% unfil tered 
tungsten l i g h t  spectrum of about 110 mw/cm', since data obtained on 
spectral response characteristics allow extrapolation t o  any l ight spec- 
trum of interest .  
function of the log of the integrated flux, Figures I 2  and 13, i s  l inear  
and exhibits appraximately the same slope as was evidenced i n  the previous 
experiment a t  740 Mev. In Figure 12, the degradation of short c i rcu i t  
current is shown for 9 per cent ungridded p on n ce l l s  and ll per cent 
gridded p on n ce l l s  obtained frm Hoffman as coeamercially available 
specimens. 
ra te  of short c i rcu i t  current degradation as a 
The cells,  however, were produced a t  a different time and, 
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therefore, were not acquired from the same l o t  as the ce l l s  previously 
irradiated a t  740 Mev. 
with the data previously obtained, the ungridded ce l l s  appear s l ight ly  
more sensitive than the gridded cells.  
e lectr ical ly  identical  with the ce l l s  previously irradiated a t  74.0 Mev, 
it i s  evident that some unidentified material characteristic controls 
the rate of degradation of so l a r  ce l l s  under high energy proton bombard- 
ment. 
and ungridded p on n ce l l s  t o  proton irradiation is shown i n  Figure I2 
which indicates that gridding has no effect  on the degradation of short 
circui t  current under proton bombardment. It is  important t o  recognize 
that the data shown in  these figures (Figures 5, I 2  and 13) are repre- 
sentative of commercial p on n cells, but tbat individual. ce l l s  may 
require a variation i n  integrated flux of a factor of two in order t o  
exhibit the same degradation. 
factors, including purity of parent material and depth of boron diff'usion. 
It i s  of interest  t o  note that, in  contradiction 
Inasmuch as these ce l l s  were 
In addition, the response of several matched pairs of gridded 
This variation depends upon a number of 
Ihe p on n ungridded ce l l s  indicate 25 per cent damage a t  an 
2 integrated flux of 1 x lou p/cm , in agreement with the previous experi- 
ment a t  740 Mev, while the gridded ce l l s  indicate 25 per cent damage a t  
1.5 x 10 
obtained from Hoffman, lkxas Instruments, Transitron, and BIZ, indicate 
25 per cent degradation i n  short c i rcui t  current a t  about 4 x 10l1 p/cm , 
Mgure 13. 
do the p on n c e 4 s  and appear less sensitive t o  radiation by a factur 
of three to  four which is  consistent with the data acquired a t  740 MeV. 
There appears t o  be l i t t le  difference i n  sensit ivity between mmufac- 
turers, indicating tha t  production techniques alone do not play an impor- 
tant  role i n  the sensit ivity of these ce l l s  t o  radiation. 
four g a l l i u m  arsenide solar cel ls  supplied by RCA were irradiated t o  
12 2 1.7 x 10 
characteristics. These cells, however, kid i n i t i a l  efficiencies only 
of the order of 2 t o  3 per cent under sun illumination. It cannot be 
concluded from these data that g a l l i u m  arsenide ce l l s  possess any advant- 
age Over si l icon cel ls .  Silicon ce l l s  w i t h  similar i n i t i a l  efficiencies 
(2 t o  3 per cent) and similar minority carr ier  lifetimes also w o u l d  not 
exhibit any radiation -gee %fer, for example, t o  Figure 12; if  a 
11 2 
p/cm . The n on p si l icon solar cells,  including specimens 
2 
lhese data exhibit the same slope under tungsten l ight  as 
In addition, 
p/cm without exhibiting any measurable change i n  e lec t r ica l  
2 silicon c e l l  had been exposed t o  
ciency of- 3 per cent before beginning the experiment, an additional 
exposure of 1.7 x 10l2 p/cm would have produced no further change. 
1-3 x 1013 p/cm yielding an e f f i -  
2 
Ihe I - V  characteristics obtained for both the p on n and n on p 
solar ce l l s  exhibit the same general degradation i n  shape as did the 
I -V  characteristics obtained in  the 740 Mev experiment. 
15 i l l u s t r a t e  typical sets of I-V characteristics for  gridded n on p 
c e l l s  as a function of integrated flux. 
ment, tk short c i rcui t  current is mow rapidly affected by radiation 
than the open c i rcu i t  voltage and the degradation i n  the maximum power 
output closely follows the degradation i n  short c i rcu i t  current. 
Figures 14 and 
Similar t o  the 740 Mev experi- 
Since the results of the annealing experiments performed on 
the solar ce l l s  irradiated a t  740  lev were negative, there w e r e  no 
detailed annealing experiments performed on the solar ce l l s  irradiated 
a t  450 Mev. However, i n  the process of conducting calibration experi- 
ments several months later, qualitative evidence of annealing was ob- 
served on sme of the n on p solar cel ls .  
a l l  the solar ce l l s  irradiated i n  the 450 MeV experiment indicated that 
6- of the n on p solar cells had recovered 15 t o  25 per cent of their 
short c i rcu i t  current reduction. 
the ce l l s  had been stored at  roan t e m p e r a t u r e .  
c e l l s  irradiated a t  Chicago were reinvestigated and a s m a l l  amount of 
recovery (4 per cent) was found i n  SOE of them. 
that any of the ce l l s  experienced temperatures during the 11-week storage 
greater than &OF. 
vatfons*: 
perhaps i n  n-type sil icon) at roan temperature, and (2) that simultane- 
ously the annealing kinetics of Ekmski and Augustyniak are obeyed. 
Further investigation can be expected t o  c lar i fy  these apparently con- 
f l ic t ing  observations. 
Bctensive measurements on 
During this interim period of tim, 
Most of the p on n 
It i s  impossible 
We are unable t o  account praperly for  these obser- 
(1) that recuvery of damage occurs i n  p-type silicon (and 
2 
The spectral response of the p on n solar ce l l s  degrade similar 
t o  the results obtained i n  tk 740 Mev experiment, Figure 16. The spec- 
tral response characteristics of the n on p cells,  due t o  a shallower 
diffused junction, contained s l ight ly  more short wavelength response 
than did the p on n ce l l s  with diffused junctions of the order of one 
t o  two microns below the surface. A typical spectral  response c b m c t e r -  
%hilar observations have been made also by W. L. Brown of BTL 
(private coxmumication). 
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i s t i c  for a shallow diffused junction n on p sil icon solar c e l l  is  sham 
i n  Figure 17. Two curves are  shown i n  the figure, one for  constant 
energy per wavelength interval, the other for  constant photon flux per 
wavelength interval. 
response versus wavelength which i s  expected under the assumption of 
uni t  quantum efficiency and minority carr ier  diffusion lengths in  the 
surface layer which are of the order of the surface layer thickness. 
Although most of the n on p solar c e l l  specimens were not obtained i n  
sufficient t i m e  t o  acquire a ccmplete set of preirradiation spectral 
response characteristics, several ce l l s  were examined and the results 
were no different than previously i l lustrated.  
wavelength component produced by the shallow diffused junction, however, 
the rate of short c i rcui t  current degradation under e i ther  sun or tung- 
sten illumination w i l l  appear t o  be less than that  of the deeper diffused 
junction solar cel ls .  Figure 18 i l l u s t r a t e s  a typical spectral response 
cbaracteristic for  gallium arsenide ce l l s  of the type irradiated i n  this 
experiment. 
and constant photon flux are i l lust rated.  
Ihe l a t t e r  curve exhibits a region of uniform 
Due t o  the higher short 
As i n  the previous case, curves for  both constant energy 
3.3 20.5 NZV ~ c p e  riments 
!the 20.5 Mev experiments a t  UCLA were conducted in  order t o  
3 verif'y data previously obtained a t  l a w  proton energies Ihese experi- 
ments provided the opportunity for  conducting a wider variety of inves- 
tigations tban previously attempted a t  higher energies. 
ence at  740 MeV and 450 MeV had demonstrated that selection 02 e x p e r h n L i  
ce l l s  provides good experimental reproducibility and suggested that future 
experiments could rely upon ce l l  selection rather than extensive statis- 
t i c s .  Consequently, a wider variety of ce l l s  was chosen with the objective 
of cunpsring parent material and c e l l  geometry with radiation damage rates. 
!BE results of the UCLA experiments are summarized i n  Figure 19. 
Previous experi- 
Ihe standard p on n ungridded solar cells,  Figure 19, exhibit 
25 per cent reduction i n  short c i rcu i t  current a t  an integrated proton 
flux of 4 x 10 
viously reported value (Loferski and Rappaport) a t  17.6 MeV. 
10 2 
p/cm . This resul t  i s  in  good agreement with a pre- 
The standard 
'J. J. Loferski and P. Rappaport, RCA Review,19, - 563, (1958) 
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9 per cent ungridded cells are probably very similar t o  the ce l l s  used 
by Inferski and Rappaport i n  their ear l ie r  experiments and, for this 
reason, are the ce l l s  chosen for comparison. The rate  of change of 
short c i rcu i t  current with the log of the integrated proton flux at 
20.5 MeV i s  the same as observed i n  the 740 Mev and 450 Mev experiments. 
Figure 19 shows that a 25 per cent change i n  short c i rcui t  current 
occurs for each decade of integrated proton f lux under 28OOoK illumi- 
nation. 
con, this degradation rate depends most strongly upon the spectral 
distribution of the illumination as observed earlier. 
of short c i rcu i t  current w i t h  log integrated flux, therefore, i s  inde- 
pendent of the proton energy providing that  the same damage mechanism 
prevails a t  various energies. Comparison of F'igures 5, 12, and 19 demon- 
strates this fact, confirming the expectation that proton irradiation 
produces reduction in minority carr ier  lifetime and minority carrier 
diffusion length through creation of point defects or clusters of defects. 
Because of the nearly exponential optical dispersion i n  sili- 
The ra te  of change 
The amaunt of damage which occurs i s  dependent upon both the 
proton integrated flux and the type of c e l l  as shown i n  Figure 19. Under 
w h i t e  light, these damage curves are characterized by the point a t  which 
damage begins. 
characterizing this damage. 
of damage t o  a variety of solar c e l l  parameters, and ccanparison with 
the results obtained at  740 MeV and 450 MeV discloses the effect  of change 
 he "knee" of the curve (e-g., Figure 1.2) i s  one way of 
Figure 19 shuws the dependence of the onset 
of p r ~ t c ~  szi==~- ~c "-2". It is alsc cccyeciect +s 2 ~ + - =  
response of selected solar cells on the basis of the point a t  which they 
suffer 25 per cent loss of short c i rcu i t  current. 
referred t o  i n  discussing other figures i n  this report. 
These data have been 
Spectral response curves and current-voltage cbaracteristics 
for  a l l  the solar ce l l s  represented i n  Figure 19 were obtained before 
and a f t e r  irradiation. These data are not presented because t h y  are 
identical  with the results obtained a t  similar degradations a t  450 MeV 
and 740 Mev. For a given solar c e l l  type, the change i n  current-voltage 
characteristic i s  independent of ;the proton energy producing the change; 
t h a t  is, the Characteristic a t  a given temperature for a given change 
i n  short c i rcu i t  current i s  independent of the method by which the change 
was generated. Spectral response and current-voltage characteristics 
for  ce l l s  shown i n  Figure 19 can  be accmplished by referring to ea r l i e r  
figures of spectral response and current-voltage characteristics i n  
this report, modifying those cbaracteristics according t o  the proton 
flux indicated i n  Figure 19. 
A l l  of the ce l l s  shown i n  Figure 19 are shallow diffused with 
the exception of the 9 per cent p on n "standard". These ce l l s  have 
been selected as representative of parent material and c e l l  geometry 
and are not selected i n  order t o  show preference for  a particular manu- 
facturer. Hawever, the manufacturing source of the ce l l s  shown i n  
Figure 19 i s  indicated. 
i n  parent solar c e l l  nrrterialand c e l l  geometry controls the radiation 
response Over a wide range. The data i n  Figure 19 span a factor of 10 
i n  proton flux for  the same degradation in  short c i rcu i t  current. 
parison of a l l  ce l l s  irradiated, i n  addition t o  those shown i n  Figtm 19, 
indicates that this dependence spans a t  leas t  a factor of 20 i n  proton 
flux for  the same degradation. %is spread does not necessarily indi- 
cate the limits obtainable, because a limited number of variables have 
been investigated. 
It is interesting t o  note that the variation 
Com- 
The two lower curves i n  Figure 19 demonstrate the importance 
of c e l l  geometry. 
similar. 
diffusion of boron into the parent n-type silicon. 
cent c e l l  bas a geometrical junction one t o  two microns be low the upper 
surface, whereas, the shallow diffused ce l l s  have a junction about 4 
micron below the upper surface. 
difference in  radiation sensit ivity may be about a factor of two between 
shallow diffused and deep diffused ce l l s  from similar parent material. 
Obviously, i n  order t o  avoid prohibitive series resistance, the shallow 
diffused ce l l s  require gridding of the upper surface. 
earlier,  this gridding has no effect  on the radiation sensi t ivi ty  of 
the ce l l .  
generated by blue l igh t  near the c e l l  surface. 
carriers uniformly and deeply i n  silicon. 
wi4hin a diffusion length of the junction are collected. 
doped surface layer has a very short diffusion length (4 lr ) because 
of the high boron concentration. 
'Ibe materials used i n  these solar ce l l s  are very 
The diffusion techniques differed only t o  the extent of the 
!Ihe standard 9 per 
The data in Figure 19 suggest that the 
As mentioned 
Because of the aptical dispersion, minority carr iers  are 
€kd l ight  generates 
Only the carriers generated 
The boron 
Therefore, the shallow diffused c e l l s  
have a higher collection efficiency for blue l ight generated carriers.  
Irradiation reduces the minority carr ier  diffusion length below the 
junction i n  the bulk si l icon where the red l i g h t  generated carr iers  
predominate. 
and deep diffised cells; however, shallow diff’used cells,  having a 
higher blue response, appear less sensitive t o  proton bombardment under 
white l ight .  
“his reduction in  red response is  the same i n  both shallow 
The comparative superiority of n on p ce l l s  Over p on n ce l l s  
i s  also found a t  20.5 Mev. 
proved radiation resistance of n on p ce l l s  Over conventional p on n 
ce l l s  as observed a t  450 and 740 Mev. 
ci rcui t  current is  plotted; the i n i t i a l  efficiency of the p on n ce l l s  
exceeded the efficiency of the n on p ce l l s .  
Figure 19 shows approximately the same i m -  
For comparison, normalized short 
Previous exper inaent~~’~  on heavily damaged n-type sil icon 
demonstrated the importance of oxygen i n  controlling some aspects of 
electron radiation effects.  In an e f for t  t o  investigate the relation 
between Wgen and radiatim damage in  si l icon solar cells,  a variety 
of ce l l s  was prepared f r o a n  oxygen-free silicon. 
a l l  these ce l l s  was prepared by the f loa t  zone process and had similar 
initial resis t ivi t ies .  The effect of g e m t r y  was eliminated as 
far as possible by conducting shallow diffusions (3 micron) for  both 
the p on n and n on p cel ls .  Supporting the ear l ie r  observations on 
heavily damaged silicon, Figure 19 shows the drastic improvement i n  
radiation resistance of p on n ce l l s  produced from oxygen-free f loa t  
zone silicon. Of special interest, $owever, i s  the observation that 
the performance of n on p cells deteriorates upon preparation with 
oxygen-free silicon. 
of p on n ce l l s  results i n  an improvement of radiation resistance, 
according t o  the data i n  Figure 19, of about a factor of five. 
oxygen-free p on n ce l l s  which describe the upper curve i n  Figure 19 
are the most radiation resistant solar ce l l s  which have been observed 
i n  the course of a l l  experiments. 
n on p ce l l s  which have been investigated. 
b i t ,  for carefully prepared cells, higher efficiencies than observed 
Ihe sil icon used in  
The use of oxygen-free si l icon i n  the production 
Their performance exceeds that of any 
P on n ce l l s  generally exhi- 
4G. Bemski, Journal Applied physics, Vol. 30, No. 8, 1195, (1959) 
’G. ID. Watkins, 3. W. Corbett, and R. M. Walker, Journal Applied Physics, 
VoL 30, No. 8, 1198, (1959) 
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for  n on p cel ls .  
coupled with a higher efficiency suggests, a t  the present, considerable 
performance margin 
The improved radiation resistance of p on n ce l l s  
The preparation of n on p ce l l s  fran oxygen-free silicon 
Figure 19 sug- appears t o  deteriorate their radiation resistance. 
gests the oxygen-free n on p cel ls  are about a factor of two more sen- 
s i t ive  t o  proton bombardment than n on p ce l l s  prepared from solar grade 
silicon. Obviously, extensive investiejation of this observation has 
not been performed. 
nearly identical i n  the ccPnparative cases i n  Figure 19. 
I n i t i a l  res i s t iv i t ies  and c e l l  geometries w e r e  
Obviously, there are a number of d i f f icu l t ies  i n  interpreting 
the data summarized in Figure 19. 
zone sil icon i s  generally agreed t o  be 
centimeter. 
10 /cm . 
Ihe oxygen concentration i n  float 
1015 oxygen atoms per cubic 
Ihe oxygen concentration i n  grown crystals i s  about 
18 3 In these l igh t ly  damaged specimens, the defect concentration 
is  probably about 5 x 10 13 /cm 3 for  25 per cent reduction i n  short 
c i rcui t  current. If tbese considerations obtain, the oxygen concen- 
tration in  even the oxygen-free si l icon is 100 times the defect coxken- 
tration. This circumstance i s  i n  contrast t o  the experiments conducted 
by Watkins, e t  al, i n  w h i c h  the defect concentration was of the order 
of 
t o  understand how the change in oxygen concentration from 10 
defect density dawn t o  10 
duction of trapping and recombination centers sufficiently violently t o  
produce the large change observed i n  radiation resistance. 
Watkins suggested, the oxygen combines with a point defect t o  produce 
an electr ical ly  important center, the oxygen concentration i n  even the 
float zone sil icon should be sufficiently abundant t o  avoid an oxygen 
l i m i t e d  trap center production. We are unable, a t  present, t o  account 
for  the observations shown i n  Figure 19 related t o  the improved radia- 
t ion resistance of oxygen-free p on n solar ce l l s ,  
t o  1017/,3* a these solar c e l l  experiments, it i s  d i f f icu l t  
5 times the 
2 tims the defect density can control the pro- 
If, as 
Similarly, i f  one accepts the observations on p on n cells,  
it i s  d i f f icu l t  t o  in t e rp re t  the effect  of oxygen-free si l icon on the 
radiation sensit ivity of n on p solar ce l l s .  The argument might pro- 
ceed similar t o  the discussion for  p on n cel ls .  Even allowing i n  the 
case of the p on n ce l l s  for the possibi l i ty  of control of the pro&ctian 
of trapping centers by oxygen, it is d i f f i cu l t  t o  understand how the 
r e m m l  of -en can increase the rate of formation of trapping centers 
i n  n on p solar cells.  
ahe ccmtparison of float zone sil icon and grown sil icon crystals 
with respect t o  oxygen concentration does not account for  the difference 
i n  dislocation density i n  the two materials. Grown si l icon crystals 
custcxnarily have lm dislocation concentrations, whereas, float zone 
sil icon i s  characterized by high dislocation densities. 
summarized i n  Ngure 19 may be interpretable i n  terms of the dislocation 
densities i n  contrast t o  the oxygen concentration. Evidently, investi- 
gation of this point requires preparation of oxygen-free l o w  dislocation 
density silicon crystals and cncygen-rich high dislocation density crystals 
for firther compsrison. 
simple explanation of the observations summarized i n  Ngure 19. 
%e observations 
However, fo r  the present, there seems t o  be no 
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4.0 CONCUJSIONS 
The experimental results presented i n  this report emphasize the 
radiation sensit ivity of solar cel ls .  
minority carr ier  diffusion lengths for  eff ic ient  operation, they are 
probably more radiation sensitive tban most semiconductor devices. 
!BE radiation sensit ivity depends upon a number of factors, including 
proton energy, l ight  spectrum, c e l l  type, c e l l  geometry, and psrent 
material characteristics. 
ship of these factors; hawever, mindful of the need t o  provide design 
data, Figure 20 has been prepared. 
both tungsten and sun illumination i s  shown. 
diffused p on n ce l l s  are shown a t  the bottan of the response "bands" 
i n  Figure 20. 
free p on n cells,  and n on p ce l l s  should respond near the upper l i m i t  
of radiation resistance. An individual cell ,  depending on maay factors, 
can be expected t o  respond according t o  a curve within the band, but 
it must be emphasized the band does not represent a s t a t i s t i c a l  samp- 
Because solar ce l l s  require long 
It i s  d i f f icu l t  t o  generalize the relation- 
A spread i n  damage sensit ivity for 
Average values for  shallow 
Upper limits of radiation resistance cunprise the w e n -  
ling. 
the band. 
Ccplmrercial p on n cel ls  may l ie  at  the bottan of, or below, 
Ccnrrparism of the experimental results a t  a number of proton 
energies shows that the rate of degradation of short c i rcu i t  current 
with the log of the integrated proton flux i s  a constant. This i s  
shown, for example, i n  Figure 20. Ibe ra te  of change with the log 
integrated flux is  independent of the proton energy a t  least i n  the 
range 20 Mev t o  740 Mev. Under sunlight, this rate  i s  about 15 t o  
20 per cent degradation per decade of integrated flux. 
of radiation damage, i.e., the "knee", tends t o  be insensitive t o  the 
spectrum of the light source. Ihe rate, hawever, depends upon the 
spectral distribution. 
Ihe onset 
Ihe ccmrparative advantages of other c e l l  materials, for example 
gallium arsenide, have not been conclusively investigated i n  these 
experiments. However, it i s  important t o  consider the effect  of 
absolute c e l l  efficiency with the rate of radiation damage. 
low i n i t i a l  efficiency, including g a l l i u m  arsenide, may not possess 
any real advantage Over higher efficiency ce l l s  which begin t o  exhibit 
radiation damage a t  lower integrated fluxes. 
Cells of 
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Shallow diffused p on n solar ce l l s  produced from oxygen-free si l icon 
exhibit the highest degree of radiation resistance found i n  any sil icon 
solar cel l .  
si l icon solar cel ls .  
the higher init ial  efficiency of p on n ce l l s  suggests a clear-cut 
advantage t o  oxygen-free p on n ce l l s  at  'the present t ime .  
pointed out, however, tbat the presence of oxygen may not be the control- 
l ing  factor in producine; the increased radiation resistance. PreliminWy 
analysis suggests t h a t  oxygen may not be responsible and sane other 
defect or impurity may be the controlling variable. 
has not yet been identified. 
'Ibe oxygen-free p on n ce l l s  exceed i n  this regard n on p 
'Ibis increased radiation resistance coupled Kith 
It has been 
Such an impurity 
In many spacecraft applications, because the accrual of damage occurs 
slowly, the possibil i ty of annealing a t  near normal operating tempera- 
tures is  an at t ract ive one. 
cells ,  particularly tk n on p, suggests this factor as a possfble fiture 
consideratim. 
c e l l  and i n  favor of the n cm p cel l ,  providing the mechanism can be 
identified and used t o  its fullest advantage. 
Evidence of annealing i n  some sil icon solar 
In particular, this advantage argues against the p on n 
The developnent of silicon solar ce l l s  with increased radiation 
resistance requires a detailed understanding of the mechanism of defect 
production i n  si l icon as suggested by these experiments. 
performance can be expected as a result of future research. 
Increased 
